A compact cold-atom coherent population trapping clock in which laser-cooled atoms are interrogated with highly coherent coherent population trapping fields under free fall is presented. The system achieves fractional frequency instability at the level of 3 × 10 −13 on the time scale of an hour. The clock may lend itself to portable applications since the atoms typically fall only 1.6 mm during the typical interrogation period of 18 ms.
I. INTRODUCTION
Compact, high-performance atomic clocks are used widely in many applications, and the market for commercial atomic clocks is heavily dominated by microwave clocks. There is continuous interest in exploring alternative interrogation techniques to either improve clock performance or expand applications by achieving smaller size, weight, and power. Most commercial microwave atomic clocks are based on direct microwave interrogation [1] [2] [3] , but the interrogation of the microwave transitions can also be performed optically with coherent population trapping (CPT) [4] [5] [6] . Since no microwave cavity is needed, CPT atomic clocks have an advantage for volume and power consumption, which is a factor that enabled the development of chip-scale atomic clocks [7, 8] .
Vapor-cell CPT clocks have demonstrated outstanding short-term instabilities [9, 10] , but their frequency instability on time scales longer than a few-hundred seconds has been limited by drifts that correlate with changes in temperature, laser power, and laser frequency [9] [10] [11] [12] . Fundamentally, these drifts arise from buffer-gas shifts and light shifts.
The buffer gases that are used to extend the period between wall collisions [13] introduce pressure-and temperature-dependent shifts that can be large. The temperature coefficient for the change in fractional frequency of high-performance buffer-gas CPT clocks has been measured to be of order 10 −10 =K [14] [15] [16] or slightly better [9] , requiring millikelvin-level temperature stability to stabilize the fractional frequency at the 10 −13 level. Light shifts can also degrade the long-term stability of CPT clocks [9, 10, 17] . These shifts arise from both resonant interactions when incomplete dark states are formed [18, 19] and traditional ac-Stark shifts from off-resonant interactions [17] . These light shifts cause frequency shifts that depend on laser power and laser frequency, as well as on the power of the microwave signal that is used for the phase modulation to produce the CPT interrogation light [9, 14, 17] . Contributions from these various effects can be difficult to distinguish in vapor-cell clocks in which the optical resonances are broadened and relaxation is present.
Noise on the relative phase between the optical fields that interrogate the CPT Λ system can generate short-as well as long-term instabilities [20, 21] . Such relative phase noise can be large when the optical fields are generated by phase-locked lasers, which limited previous experiments to a short-term frequency instability of 4 × 10 −11 = ffiffi ffi τ p [20] . The laser phase noise also limits the long-term stability by causing a residual resonant light shift that is proportional to optical detuning that does not vanish at high optical intensity as predicted theoretically [18, 19] . The residual light shift can be explained by incomplete dark-state formation resulting from incoherent light in the CPT interrogation spectrum [21] .
Ramsey spectroscopy [22] has been used to study CPT resonances in many prior studies [10, 16, 19, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Resonant light shifts have been shown theoretically [18, 19] to scale inversely with the Ramsey period, in agreement with recent cold-atom CPT experiments [21] . Light shifts have also been studied using Ramsey spectroscopy in vapor-cell CPT clocks [10, 16, 32] . There, too, the shifts scale inversely with the Ramsey period. However, so far, the use of Ramsey spectroscopy has not demonstrated an improvement in longterm clock stability over continuous interrogation [10] , possibly because the optimal conditions for continuous interrogation occur at a much lower intensity or because the long-term stability is limited by other effects.
To demonstrate a clock that is both compact and less sensitive to environmental perturbations, a cold-atom clock based on CPT and Ramsey spectroscopy has been developed [20, 21] . We show here that the higher laser phase coherence achieved by the use of an electro-optic phase modulator (EOM) instead of an optical phase-lock loop (OPLL) leads to a significant improvement in the clock stability. The high-coherence light source demonstrates a resonant light shift that is at least 2 orders of magnitude smaller than observed in earlier experiments based on an OPLL [21] and is consistent with having no dependence on optical detuning at high intensity. Section II describes the experimental setup. Section III reports on experimental measurements that quantify the improvement in contrast, the reduction in resonant light shifts, and the improvement in frequency stability resulting from the better phase coherence of the CPT light. The paper concludes in Sec. IV with a discussion and summary of the experimental results that also puts this work in the context of other highperformance compact atomic clocks.
II. EXPERIMENT
Most of the experiments have been performed with the lin ∥ lin CPT scheme [33] [34] [35] [36] , for which the directions of linear polarization of the two CPT frequency components are parallel and orthogonal to an applied magnetic field. This configuration eliminates trap states and increases the signal-to-noise ratio (SNR) of the CPT resonance. In the lin ∥ lin configuration ( Fig. 1(a) ), the linearly polarized and 6.835-GHz frequency-separated bichromatic light field couples 87 Rb atoms to a double-Λ system connecting the jF ¼ 1; m F ¼ AE1 > and jF ¼ 2;m F ¼∓ 1 > ground states via the jF 0 ¼ 1;m F ¼ 0 > level. A schematic diagram of the experimental apparatus is shown in Fig. 2 . The highly coherent CPT light is generated by a single laser using a fiber-coupled EOM. The EOM adds extra modulation sidebands to the light that do not contribute to the CPT signal, but since these extra sidebands are far detuned from any resonances, they do not add significantly to the light shift. The
87
Rb atoms are trapped in a three-dimensional magneto-optical trap (MOT) with, typically, a 25-ms cooling period and 3.5 mW of total cooling light distributed between three 7-mm-diameter input beams. The cooling light is supplied by a 780-nm distributed Bragg reflector (DBR) laser detuned by −12 MHz from the D2 cycling transition. There is a 2-ms optical-molasses period that follows the MOT sequence. The atoms are interrogated while under free fall after extinguishing the MOT magnetic fields and the laser-cooling beams. Because the interrogation period for Ramsey spectroscopy is typically short (≤16 ms), most of the atoms are recaptured from cycle to cycle [37] , with a typical total cycle period of 45 ms. The MOT can trap 5 × 10 6 atoms in steady state. A static magnetic field of 4.5 μT is aligned with the CPT laserbeam direction to lift the Zeeman degeneracy. The MOT cell is isolated from external electromagnetic perturbations with a 10-cm-diameter single-layer magnetic shield.
The CPT laser source is a 600-kHz-linewidth DBR laser tuned to the 87 Rb D1 transitions at 795 nm. The laser is frequency stabilized by saturated absorption 170 MHz to the red of the F ¼ 1 to F 0 ¼ 1 optical transition. The beam is sent through a fiber-coupled EOM that is modulated at 6.835 GHz. The steering of this modulation frequency forms the digital servo that locks the atomic clock. The negative first-order sideband forms the Λ systems with the carrier. The output of the EOM is sent through a doublepass acousto-optic modulator (AOM), which shifts the optical frequencies to resonance, serves as an optical There are three double-pass AOMs that shift the light to resonance and also serve as optical switches to control the on and off cycles of the laser beams. The frequency stabilized light from the CPT laser is used for CPT interrogation and also to serve as a repump for laser cooling. The repump beam is overlapped with the MOT light on a polarizing beam splitter (PBS) and injected into a 1∶3 fiber-optic beam splitter (FOBS). The CPT beam travels horizontally through the cold atoms and is retro-reflected from a mirror attached to a translation stage that serves as a delay line (DL). The CPT signal is computed from the ratio of signals from the CPT and normalization photodiodes. switch, and is also used to control the light intensity with a feedback loop. The powers of the first-order sidebands generated by the EOM are typically set equal to the carrier signal. The total laser power incident on the atoms in the CPT beam varies between 2 and 30 μW.
The modulated and switched light is coupled into a polarization-maintaining fiber, and the CPT beam passes through a linear polarizer to ensure the light's linear polarization is stable after the optical fiber. Then the 3.5-mm-diameter (1=e 2 ) CPT beam is divided into two sub-beams by a 90∶10 nonpolarizing beam splitter. Most of the light is sent to the normalization photodiode to stabilize the optical intensity and to use as a normalization signal to reduce the effect of intensity noise on the CPT signals. The weaker beam propagates through the vacuum chamber to interrogate the cold atoms. The interrogation light is reflected back by a mirror to pass through the chamber a second time and is then collected on the CPT photodetector. The spacing between the retroreflecting mirror and the atoms affects the CPT signal amplitude on length scales of half of the microwave wavelength (22 mm for 87 Rb) due to interference of the CPT coherences generated in the atoms by forward-and backward-propagating CPT light [38, 39] . To optimize its position and maximize the CPT signal, the retroreflecting mirror is fixed on a translation stage to form an optical delay line, which is adjusted to achieve maximum signal amplitude and mitigate the Doppler shift [20] .
The light is pulsed for Ramsey spectroscopy by switching on and off the rf signal sent to the AOM to create the CPT pulses. The first CPT pulse pumps the atoms into the dark state, and its duration is typically between 0.4 and 1 ms. After a Ramsey period of typically T R ¼ 16 ms, the atoms are probed by a second 0.05-ms CPT pulse.
Per experimental cycle, four signals are measured that are used to construct the CPT resonances-the power transmitted through the atoms and measured on the CPT photodiode during the first and second pulses, T 1 and T 2 , and the signals from the normalization photodiode during each signal detection, N 1 and N 2 . Two types of CPT spectra can be calculated from these signal voltages when the modulation frequency to the EOM is scanned-single-pulse spectra and double-pulse "Ramsey"-type spectra. To measure single-pulse spectra, the average photodiode signals are measured for the final 300 μs of the first CPT pulse and the normalized signal S 1−pulse ¼ T 1 =N 1 is plotted versus Raman detuning. Ramsey spectra are constructed from the average photodiode signals for the first 50 μs of the second pulse. The Ramsey spectra are typically normalized by dividing the transmission at the beginning of the second pulse by the transmission at the end of the first pulse, such that the plotted value is S Ramsey ¼ ðT 2 =N 2 Þ=ðT 1 =N 1 Þ, which usually makes the Ramsey spectra more symmetric and normalizes them against atom number fluctuations.
When the experiment is run as a clock, the sides of the central Ramsey fringe are alternately probed by modulating the microwave frequency that drives the EOM. The microwave reference frequency is alternated between values of ν 0 − Δν=2 and ν 0 þ Δν=2 from cycle to cycle, where Δν ¼ 1=2T R is the width of the central Ramsey fringe and ν 0 is the estimate of the hyperfine ground-state splitting on which the central fringe is centered. The Ramsey signal S Ramsey is measured for these two frequency set points, and the value of ν 0 is steered based on the best estimate of the frequency of the central Ramsey fringe to lock the average microwave frequency to the central fringe. The frequency stability is characterized by a calculation of the Allan deviation of the frequency steers that are executed that keep the synthesizer locked to the atomic resonance.
III. MEASUREMENTS
A. Single-pulse and Ramsey spectra CPT signals based on the absorption during the first CPT pulse in the lin ∥ lin CPT scheme for the lowcoherence OPLL and the high-coherence EOM interrogation systems are shown in Fig. 3 . The improved coherence of the CPT light generated with the EOM directly increases the absorption contrast of the CPT resonance signal, where the absorption contrast characterizes the completeness of darkstate formation. The absorption contrast is defined as the ratio of the CPT peak height (A) to the height of the optical absorption signal (B) [see Fig. 3(a) ]. The absorption contrast of the CPT resonance in the EOM-based setup is increased by more than a factor of 2 compared to the OPLL system. For EOM interrogation, the resonant absorption goes nearly to zero with a contrast of > 95%, which indicates the formation of a nearly complete dark state. This high absorption contrast is possible because there are no significant sources of decoherence in the cold-atom system. A Ramsey spectrum measured in the lin ∥ lin CPT scheme is shown in Fig. 4 , with the inset showing the central fringes on a narrower frequency scale.
B. Light shifts
In previous theories for the light shift of CPT clocks based on Ramsey spectroscopy [18, 19] , the resonant light shift vanishes when the intensity and the duration of the pumping pulse are sufficient and the atoms can reach a completely dark equilibrium state during the first CPT interrogation pulse. To a very good approximation, when the optical detuning δ is much smaller than the optical linewidth γ, the phase shift ϕ of the central Ramsey fringe can be expressed as [18, 19] 
Here, Ω 2 is the average squared Rabi frequency of the two frequency components of the CPT light and τ 1 is the duration of the first CPT pulse. dρ is the initial population difference between the two hyperfine ground states at the start of a Ramsey cycle.
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It was previously shown that imperfect phase coherence between the CPT fields can lead to light shifts that do not vanish at high intensities, as predicted by Eq. (1), and that have a strong dependence on optical detuning [21] . Figure 5 shows the magnitude of the fractional frequency shift versus the optical intensity of the CPT light per megahertz of optical detuning for the low-and highcoherence systems. Compared to the OPLL-based system, the magnitude of the frequency shift versus the optical detuning at high intensity is reduced by approximately 2 orders of magnitude.
Similar decaying behavior is seen when, instead of varying the intensity, the length of the first Ramsey pulse is varied. This decay versus pump time is shown in Fig. 6 , on resonance in the earlier OPLL configuration is that there are only two frequency components in the OPLL spectrum. The EOM spectrum contains a strong unwanted sideband that is roughly equal in intensity to the carrier and first-order sidebands that are used for CPT interrogation. Small bumps in the spectrum in (b) result from residual intensity fluctuations in the system. Here, the intensity is the total intensity (forward and backward beams) and the intensities of the two CPT components are equal. The intensity scale of the EOM-based data has been multiplied by a factor of 2=3 to account for the presence of the unwanted sideband that contains about 1=3 of the optical power. These measurements are performed with the lin ∥ lin interrogation scheme. The EOM data for two different pump-pulse lengths are very similar because the atoms nearly reach a dark-state equilibrium even for the shorter pump-pulse duration.
which plots the average magnitude of the fractional frequency shift of the central Ramsey fringe for an optical detuning of 2 MHz as a function of τ 1 with the highcoherence EOM-based system.
C. Frequency stability
With the highly coherent EOM-based light source, the short-term frequency stability of the clock is typically 1.6 × 10 −11 = ffiffi ffi τ p and consistently achieves 3 × 10 −13 at a 1-h integration period (Fig. 7) . For comparison, a typical Allan deviation for the low-coherence OPLL-based system is also shown in Fig. 7 . The short-term stability is about 3 times better with the high-coherence system than with the low-coherence OPLL. The long-term stabilities are typically about an order of magnitude better with the high-coherence system, which is attributed to the reduction of the resonant light shift resulting from nearly complete dark-state formation.
CPT clocks based on thermal vapor cells have demonstrated significantly better short-term stability than the cold-atom clock presented here, by as much as a factor of 50 (See Ref. [9] ). This higher stability is partially because vapor-cell clocks interrogate about 1000× more atoms than are interrogated in the cold-atom clock presented here, which affects the SNR. However, the shortterm stability presented in Fig. 7 is about 50× worse than the stability limited by atom shot noise, which indicates that the stability can be improved if the noise contributions can be reduced. The real advantage of cold-atom clocks over clocks based on thermal vapor cells is in improved longterm stability. The long-term stability for the clock presented here is about 3 times better than for the vapor-cell CPT clocks that show the best short-term stability [9] on time scales of an hour.
Rough estimates of the noise contributions to the SNR of the CPT signals from various sources have been investigated by measuring the CPT transmission fluctuations under various conditions, including with and without atoms present and on the top and the side of the central Ramsey fringe. Integrated shot-to-shot photodiode signal variations have been used to determine the contribution to the noise on the CPT Ramsey spectra from electronic noise, laser intensity noise, laser frequency noise, and microwave phase fluctuations. The three dominant noise sources with roughly equal contributions are laser intensity noise, laser frequency noise, and microwave phase fluctuations.
IV. DISCUSSION AND SUMMARY
The resonant light shift was a dominant factor limiting the long-term frequency stability of a cold-atom CPT clock that employed a low-coherence OPLL-based light source [21] , which was a result of incomplete dark-state formation. OPLL systems can generally provide a high degree of phase control when the loop bandwidths are significantly larger than the laser linewidths [40] . This condition was not met by the OPLL implementation in Ref. [20] , where the FM bandwidth was limited by the slowness of the laser diode's frequency response. While single-section diode lasers are convenient for their simplicity and compactness, a disadvantage they present to phase locking is that they typically exhibit a phase reversal in their frequencymodulation response in the (0.5-10)-MHz range due to the crossover between thermally and carrier-densityinduced tuning regimes. This effect limits the maximum bandwidth of the OPLL in the system to less than 1 MHz, which results in an interrogation spectrum where only about 70% of the total power is coherent. The rest of the The red solid line is a fit of a simple decaying exponential function, which gives a value of 0.28(1) ms for the decay time constant under these conditions. This decay time constant motivates the usual choice of τ 1 ¼ 1 ms. Note that these data cannot be fit to Eq. (1) without large errors because of the nonlinear nature of the shift. In past studies where the shift was deliberately made much larger [21] , the theoretical model [18, 19] could be well fit to observed shifts with no adjustable parameters. power is in a broad noise pedestal on the slave laser that spans a frequency range of about 20 MHz. Because the incoherent light in the OPLL-generated spectrum causes relaxation of the dark-state coherence, the light shift does not vanish at high optical intensity. Switching to a high-coherence laser system based on an EOM dramatically reduces the resonant light shift such that it is no longer a dominant limiting factor for the clock's long-term frequency stability.
The long-term stability achieved in the high-coherence interrogation system is comparable to the stability of published results for two other recently developed compact microwave clocks based on laser-cooled atoms and direct microwave interrogation [41, 42] . It is also competitive with a recently developed ion clock based on warm 171 Yb atoms [43] .
There are many examples of high-performance CPT clocks based on vapor cells in the literature [16, 17, [44] [45] [46] . Some of these have achieved short-term frequency instabilities on the low 10 −13 scale [9, 30, 47] , or they have been averaged down to that level after a few-hundred seconds [16, 17, 45] . A common feature of all of these CPT clocks is that drift becomes significant on time scales from a few-hundred to a few-thousand seconds as the instability increases for longer integration periods [9, 10, 16, 17, 30, 44, 46, 47] .
Thus far, most of the cold-atom CPT studies performed with the system described here have been done with the lin ∥ lin polarization scheme, but cold-atom clocks can benefit from other polarization schemes in the form of simplified spectra and reduced Zeeman shifts (for a review, see Ref. [48] ). Light shifts from off-resonant hyperfine transitions are currently under investigation. Off-resonant shifts were studied previously for CPT clocks using continuous excitation [17] , where it was shown that the light shift could be reduced through adjustment of the optical spectrum via changes in the modulation index. With Ramsey spectroscopy, the size of the shifts follows the same dependence on modulation index, but the overall size of the shifts can be made much smaller and can also be better controlled with other polarization schemes. Future CPT clocks may also demonstrate smaller shifts from the use of autobalanced Ramsey techniques [49] adapted for coherent population trapping.
